This study aims to evaluate the effects of exposure to 1 µM of copper during a period of test of 48 h, on enzymatic and lipid peroxidation biomarkers in anterior (A), middle (M) and posterior (P) body regions of the polychaeta (Nereididae) Hediste diversicolor. The biomarkers selected in this work were the NADPH cytochrome c reductase (NADPH red) as phase I biotransformation enzyme, glutathione-S-transferase (GST) as phase II enzyme, and the oxidative stress markers using catalase activity (CAT) and malondialdehyde accumulation (MDA). The NADPH red activity was not significantly affected by copper exposure in the different body regions. Glutathione-S-transferase (GST) was significantly augmented (p< 0.05) only in the A region of Cu group compared to control group. The higher and significant CAT activity (p< 0.05) was noted in the P region of treated group paralleled by a lack of MDA production in the same region. A higher MDA content was observed in A region compared with the same body region of treated worm supporting the idea of a highest oxidant condition in this region.
Introduction
Many species of annelids are commonly used in toxicological studies. Polychaetes are the dominant macrofauna within fine sediments and the presence or absence of specific polychaetes is considered as an excellent indication of the condition of the benthic environment (Marcano et al. 1996; Lucan-Bouché et al. 1999; Carvalho et al., 2013) . In the group of the polychaeta, many species seem to exhibit an extraordinary tolerance to various environmental contaminants, being also the most common invertebrates found in polluted areas (Eriksen et al., 1988; Bouraoui et al., 2014) . Hediste diversicolor is a marine annelid which lives in estuary sediments rich in microorganisms and toxic agents resulting from pollution. It has been the subject of numerous studies, focusing on diverse aspects of its biology and ecology, including a range of pollution related subjects. This polychaete is characterized by high physiological tolerance to extreme variation of many environmental parameters such as temperature and salinity (Ait Alla et al., 2006; ) and seems to exhibit tolerance to various environmental contaminants (Eriksen et al., 1988) . Copper pollution in the aquatic environment results from natural and anthropogenic sources such as mine washing or agricultural leaching (Rainbow and Smith, 2013) . Although copper is a trace element essential to life it is also one of the most toxic metals (FerreiraCravo et al. 2009 ). This metal is required for maintaining cellular function and is an integral part of a number of copper-containing enzymes. One of the main toxic mechanisms of this metal is due to the alterations in intracellular protein machinery either directly via denaturation of enzymes or indirectly via generation of reactive oxygen species (ROS) through Fenton and Haber-Weiss reaction (Furuno et al., 1996; . The use of biomarkers has been reported to be very informative about the organism's stress response to pollutants (Jebali et al., 2013) . NADPH cytochrome c reductase is a phase I biotransformation enzyme (CYPdependent monooxygenase) playing a main role in the detoxification of organics xenobiotics (Arun and Subramanian, 2003) . Glutathione-S-transferase (GST) is a phase II enzyme involved in the metabolism of lipophilic organic contaminants. This enzyme also plays a role in cellular protection against oxidative stress (Guidi et al., 2010) . Catalase (CAT) is a wellknown anti-oxidant enzyme, its activity increasing in organisms submitted to oxidative stress (Durou et al., 2007) . One of the well-known lipid peroxidation products is malondialdehyde (MDA), this markers was usually used to evaluate the state of lipid peroxidation of the membrane (Alexandrova and Bochev, 2005, Ben Kheder et al., 2014) Polycheates are invariably exposed to pollutants. Studies examining bioaccumulation and subsequent toxicity of contaminants have often focused on whole organism. However, the interactions pollutants-different body regions are poorly known and need to be considered. Taking into consideration the existence of a differential response along the body of H. diversicolor and also the previous reports showing a response gradient in different body regions of annelids (Rosa et al 2005; Ferreira-Cravo et al 2009) , the aim of this study was to evaluate the effects of exposure to copper on enzymatic biomarkers and lipid peroxidation level in anterior, middle and posterior body regions of H. diversicolor.
Material and methods

Animal treatment
Specimens of the polychaete H. diversicolor, with mass between 0.4 and 0.6g were collected from Teboulba (Tunisia), which was reported to be a clean site (Banni et al., 2005 Jebali et al., 2007; Bouraoui et al., 2009 Bouraoui et al., , 2014 . The animals together with the surrounding sediments were put in polyethylene bottles. Once in the laboratory the worms were separated from sediment, cleaned from debris, and then placed in glass dishes at 14°C with aerated clean sea water to ambient photoperiod regimes for 3 days; this acclimation period was used for excluding specimens with exoskeleton or skin infections. After this period, worms were exposed for 48 h to1 µM of Copper (CuSO 4 ). A control group was run in parallel, employing only saline water (10‰) with the same characteristics cited above. The number of worms were used per experimental group varied between 40 (control) and 50 (copper). After 48 h of exposure, the organisms were sacrificed and based on the anatomic structure, were subdivided in three regions: anterior region (A, first 20 setiger segments), middle region (M, next 20 setiger segments) and posterior region (P, the rest of the body) (Rosa et al., 2005) . A, M or P sections were pooled into five replicate samples of 5 to 7 worms each, washed briefly in ice-cold, and conserved in liquid nitrogen until analysis.
Biochemical analyses
A pool of each region (n=5-7) were homogenized (1:5, w/v) in phosphate buffer 100 mM, pH 7.5, NaCl (2.5%). Homogenates were then centrifuged at 9000g for 30 min (4°C). The supernatant (S9 fraction) of each sample was stored at -20°C, and employed later to determine total protein content, CAT and GST activities and MDA accumulation. Subsequently, the supernatant was centrifuged at 100.000g for 50 min at 4° C. The pellet was resuspended in 10 mM HEPES, pH 7.4, containing 250 mM sucrose in 20% glycerol, to obtain a microsomal fraction. This microsomal suspension was used for NADPH cytochrome c activity measurements. Total protein content in the homogenate was measured following the Bradford method (Bradford, 1976) , at 595 nm, using bovine serum albumin as standard.
NADPH cytochrome c reductase determination
NADPH cytochrome c activity was determined according to Hayes (1982) . Reaction mixture contained the stock microsomal enzyme, 20 mM NADPH and 10 mM of cytochrome c. The specific activity was determined by spectrophotometric method at 550 nm. The results were expressed as nmoles cytochrome c reduced/min/mg proteins.
Glutathion-S-transferase determination
GST activity was assayed by the method described by Habig et al. (1974) using the 1-chloro-2,4-dinitrobenzene (CDNB) as substrate, and GSH (1 and 4 mM final concentration, respectively), in 100 mM sodium phosphate buffer, pH 7.5. All GST activity assays were realized in conditions of linearity with respect to incubation time. The results were expressed as nmole produced/min/mg proteins.
Catalase determination
Catalase activity was determined by the method of Claiborne (1985) measuring the rate of enzymatic decomposition of H 2 O 2 determined as absorbance decrements at 240 nm. The assay mixture consisted of 750 µL of sodium phosphate buffer (0.1 M, pH 7.5 and 25°C), 200 µL solution of 0.5 mM H 2 O 2 and 50 µL of cytosolic fraction. Results were expressed as µmol H 2 O 2 consumed/min/mg proteins.
Malondialdehyde accumulation
Lipid peroxidation was estimated in terms of thiobarbituric acid reactive species (TBARS) with use of 1,1,3,3-treaethyloxypropane as a standard. The reaction was determined at 532 nm, using TBA reagent as described by Buege and Aust (1978) . MDA content was expressed as nmoles equivalent MDA/mg proteins.
Statistical analysis
The results were expressed as means ± SD. SPSS software (version 20.0) was used for statistical analysis. The data were first tested for normality and homogeneity of variance to meet statistical demands. Data from different groups were compared by a one-way analysis of variance (ANOVA) and Gabriel's test were used to analyze raw biomarker data for comparison of responses between groups. All differences were considered significant at p < 0.05. Different letters a, b and c indicated significant differences between groups.
Results
No significant worm mortality (<10%) was observed during the exposure period. The effect of 1µM Cu on NADPH Cyt C red was reported in Fig.1 . This enzymatic activity showed no differences between control and Cu groups and between the body regions (p<0.05). However, GST activity (Fig. 2) was higher (p<0.05) in the A region, both in control and Cu group in respect of the M regions and P regions. Also GST activity in the A region of Cu group was higher (p<0.05) than GST activity in the same body region of control group. 
Figura 1 -Actividade da NADPH Cytochrome C reductase (NADPH Cyt C red) em diferentes regiões do corpo de H. diversicolor (Nereididae) expostos a 1µM Cu. Os dados são apresentados como médias ± desvio padrão. Letras idênticas indicam a ausência de diferenças estatísticas (p<0.05). A: anterior, M: mediana, e P: posterior.
Figure 2 -Glutathion-S-transferase (GST) activity in different body regions of the worm H. diversicolor (Nereididae) submitted to 1µM Cu. Data are expressed as means ± standard deviation. Identical letters indicate absence of statistical differences (p<0.05). A: anterior, M: middle, and P: posterior.
Figura 2 -Actividade da Glutathion-S-transferase (GST) em diferentes regiões do corpo de H. diversicolor (Nereididae) expostos a 1µM Cu. Os dados são apresentados como médias ± desvio padrão. Letras idênticas indicam a ausência de diferenças estatísticas (p<0.05). A: anterior, M: mediana, e P: posterior.
In terms of oxidative stress marker, CAT activity was significantly different along the body regions of controls and treated group. It was lower (p < 0.05) in the A region, intermediate in the M region, and higher in the P region, both in control and Cu group (Fig.3) . 
Figure 3 -Actividade da Catalase (CAT) em diferentes regiões do corpo de H. diversicolor (Nereididae) expostos a 1µM Cu. Os dados são apresentados como médias ± desvio padrão. Letras idênticas indicam a ausência de diferenças estatísticas (p<0.05). A: anterior, M: mediana, e P: posterior.
Concerning oxidative damage, the posterior region presented the lower MDA content and no statistical difference (p <0.05) was observed in both control and Cu groups. The MDA accumulation was significantly higher (p <0.05) in A and M regions in respect of the control group (Fig.4) .
Discussion
The effects of metals on the polychaeta H. diversicolor were largely documented, however, and to our knowledge, no studies investigated the effects of subacute concentrations of copper in different body regions of the polychaeta H. diversicolor. The present work reported the acute effects of 1µM of Cu on anterior, middle and posterior body regions of H. diversicolor using a multimarker approach comprising a set of enzymatic and lipid peroxidation markers. In this study, worms were exposed to 1 µM of Cu, this concentration was reported to be sublethal for terrestrial (Gastaldi et al., 2007; Hankard et al., 2004) and marine worms (Ferreira-Cravo et al., 2009 Metals as copper have been of great concern in marine and coastal ecosystems, since they cause several biological alterations from molecular to tissue level depending to their concentrations and time exposure Ben Khedher et al., 2014) . Therefore, they may be also, accumulated in various tissues of living organisms and lead to several orders of magnitude higher than those of the surrounding water (Ghedira et al., 2011; Jebali et al., 2014) . Toxic effects of pollutants often depend on their capacity to increase the cellular levels of reactive oxygen species (ROS). Cu was reported to create an oxidative stress status by the Harber-Weiss and Fenton reaction of Cu cations Caldwell et al., 2011) , resulting in cellular damages due to hydroxyl radicals (HO•). Some enzymatic and non-enzymatic tests have been proved to be suitable for monitoring the effects of pollutants. In the present work, the level of NADPH Cyt C red along the body was not affected by exposure to copper. The same absence of response was observed in previous studies when this worm was exposed for 12, 24, 36 and 48h to the same concentration. Moreover, several authors were reported that the level of NADPH cyt c red could increase after exposure mainly to hydrocarbons compounds (Christensen et al., 2002; Bouraoui et al., 2009 Bouraoui et al., , 2010 suggesting a high increase of the organic compound metabolic processes. Worm phase II conjugation, measured as GST activity, was significantly increased in the A region of Cu group compared to the same region in control group. It is known that GSTs constitute an anti-oxidant enzyme involved in GSH conjugation to xenobiotics, fatty acids hydroperoxides and aldehydic products of lipid peroxidation (Hermes-Lima, 2004; Jebali et al., 2014) . The higher GST in the A region indicates a higher antioxidant capacity against peroxyl and hydroxyl radicals. In other hand, the lack of difference between control and treated group in M and P region can be explained by other antioxidant mechanisms as glutathione peroxydase (GPX) and/or superoxide dismutase (SOD). In this view, Rosa et al., 2005 reported high SOD and GPX activity in M and P region of Laeoneris acuta (anelida polychaeta) after exposure to 50 µM of hydrogen peroxide (H 2 O 2 ) accompanied by low activity of GST in these regions. Concerning another anti-oxidant enzyme, CAT, our result demonstrate that, in H. diversicolor, exposure to sublethal concentrations of Cu, induced significant changes in CAT activity only in P region. In other hand, CAT was significantly different along the body regions of controls and treated group indicating that H. diversicolor deals with oxidative stress employing different strategies among these body regions. Indeed and as suggested by our data, Rosa et al., (2005) and FerreiraCravo et al. (2009) described an increase of CAT activity in posterior region of Laeoneris acuta exposed respectively to 10 µM of H 2 O 2 and 62.5 ug/L of copper. The content of malondialdehyde (MDA) is a way to evaluate the lipid peroxidation level, which occurs in the absence of sufficient antioxidant defense (Guidia et al., 2010; Ghedira et al., 2011; Buffet et al., 2014) . A Lower MDA values for posterior regions is due to a sufficient antioxidant defense such as CAT in this region. In fact, when, CAT activity was induced in P region of worms exposed to 1µM of Cu, the MDA accumulation followed a decreasing trend. A clear evidence of oxidative perturbations reported in previous studies in whole body of H. diversicolor treated with sublethal Cd, Cu and B[a]P proved a reduced capability to prevent lipid peroxidation generated by pollutants as metals, hydrocarbons and nanomaterials (Catalano et al., 2012; Bouraoui et al., 2014; Moschino et al., 2014) .
Conclusion
H. diversicolor exposed to 1µM of Cu, presents differential biomarkers responses in the anterior, middle, and posterior region of its body: In the A region, higher activity of GST, whereas in the P region higher activity of CAT with a low MDA level. Our study can be used not only to understand the response of polychaete exposed in situ to copper, but also, to ensure a better sustainable management of coastal areas. However, studies with other toxicological responses (enzymatic or non enzymatic) are needed for a better understanding of the results obtained in the present work.
